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Abstract 
Areas of disturbed shear that develop following arteriovenous fistula (AVF) creation are believed to 
trigger the onset of intimal hyperplasia (IH), leading to AVF dysfunction. The presence of helical flow 
can suppress the flow disturbances that lead to disturbed shear in other areas of the vasculature. 
However, the relationship between helical flow and disturbed shear remains unevaluated in AVF. In 
this study, computational fluid dynamics (CFD) is used to evaluate the relationship between 
geometry, helical flow and disturbed shear in parameterised models of an AVF characterised by 4 
different anastomosis angles. The AVF models with a small anastomosis angle demonstrate the 
lowest distribution of low/oscillating shear and are characterised by a high helical intensity coupled 
with a strong balance between helical structures. Contrastingly, the models with a large anastomosis 
angle experience the least amount of high shear, multidirectional shear, as well as spatial and 
temporal gradients of shear. Furthermore, the intensity of helical flow correlates strongly with 
curvature (r = 0.73, p < 0.001), whereas it is strongly and inversely associated with taper (r = -0.87, p 
< 0.001). In summary, a flow field dominated by a high helical intensity coupled with a strong 
balance between helical structures can suppress exposure to low/oscillating shear but is ineffective 
when it comes to other types of shear. This highlights the clinical potential of helical flow as 
diagnostic marker of exposure to low/oscillating shear, as helical flow can be identified in-vivo with 
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1. Introduction 
End stage renal disease (ESRD) is a debilitating condition that affects the kidneys’ ability to filter 
blood effectively. Patients suffering from this disease are often referred to hemodialysis to replace 
the lost function of their kidneys. To facilitate hemodialysis, a vascular access (VA) must be created, 
which is easily assessible and capable of supplying the high flow rates required to sustain dialysis. An 
arteriovenous fistula (AVF) is the primary choice of VA due to its superior patency rates and lower 
risk of infection compared to other types of VA [1]. Despite this, AVF suffer from high primary failure 
rates ranging from 18-28% [2], due to fistula non-maturation and venous stenosis (hereafter 
referred to as AVF dysfunction), with intimal hyperplasia (IH) the underlying cause of both these 
conditions [3, 4, 5]. The precise physiological response that triggers the onset of IH following fistula 
creation remains unclear. However, it is believed to occur in the areas of an AVF that are exposed to 
adverse, unphysiological wall shear stress (WSS) patterns (hereafter referred to as disturbed shear) 
[5]. Several patterns of disturbed shear have been found to lead to the development of IH including; 
low/oscillating shear [6, 7], high shear [8, 9], multidirectional shear [10] as well as spatial and 
temporal gradients of shear [11, 12]. The diversity of hypotheses highlights the lack of unanimity 
regarding the specific type of disturbed shear that initiates the development of IH [13]. 
Helical flow naturally occurs throughout the vasculature due to its complex geometry and blood flow 
conditions [14]. Helical flow has been shown to limit the flow disturbances that can lead to areas of 
disturbed shear through the suppression of flow stagnation and separation [15]. It may therefore 
protect the vasculature from diseases such as IH [16]. There are two main types of helical flow; 
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single vortex and dual vortices. A single vortex rotating around a central axis is known as spiral 
laminar flow (SLF). Alternatively, dual vortices that are symmetrically paired and counter rotating are 
known as Dean type vortices (DTV). The difference between both types of helical flow is illustrated in 
Figure 1. There are numerous physiological benefits associated with both types of helical flow. 
However, SLF is superior due to the areas of low shear that develop at the stagnation points of DTV 
[17]. Additionally, the presence of SLF in an AVF post-operatively is a strong predictor of fistula 
maturation [18, 19]. Furthermore, a flow field that exhibits a high helical intensity coupled with a 
strong balance between helical structures can suppress areas of low/oscillating shear in the carotid 
bifurcation [20]. Despite initial clinical indicators and comprehensive analysis in other bifurcating 
vascular locations, the relationship between helical flow and disturbed shear remains unevaluated in 
AVF. Such information is critical to developing more appropriate clinical tools for assessing the 
likelihood of AVF maturation in ESRD patients. 
This study aims to (1) determine if helical flow (SLF or DTV) is present in parameterised models of an 
AVF and if its presence is associated with a reduction in exposure to disturbed shear, and (2) 
investigate if correlations exist between AVF geometry, helical flow and disturbed shear. 
Parameterised models are utilised in this study as they are powerful tools for investigating the 
effects of geometric changes and hemodynamic parameters in a fast and efficient manner [21]. This 
study aims to evaluate the clinical potential of helical flow as a diagnostic marker of exposure to 
disturbed shear, as helical flow is easily identified in-vivo with the use of ultrasound imaging, as 
illustrated in Figure 1. 
 
2. Materials & Methods 
2.1 Fistula Model 
SolidWorks (Dassault Systemes) was utilised to create 16 parameterised end-to-side radiocephalic 
(RC) AVF, similar to the one described by Ene-Iordache et al. (2012) [22]. The parameterised models 
are characterised by 4 different anastomosis angles; 10o, 35o, 50o, and 70o, each of which consists of 
a planar and non-planar venous segment with linear and non-linear taper, Figure 2. The venous 
segment of the planar models lies within the same plane as the arterial segment, while the venous 
segment of the non-planar models curves outwards from this plane. Models A and B are 
characterised by a planar venous segment with linear and non-linear taper, respectively. Models C 
and D are identical to Models A and B but with a non-planar venous segment. The diameter of the 
vein for the models with linear taper increases linearly from 3.1mm at the anastomosis region to 
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4.1mm at the proximal vein, whereas the diameter of the vein for the models with non-linear taper, 
increases from 3.1mm at the anastomosis region to 5.8mm at the proximal vein but the diameter 
changes along the vein. The change in diameter represents the heterogenous remodelling of the 
vein and is based on the observed remodelling of 4 patient-specific AVF monitored as part of the 
ReDVA project (a European Union supported Industry and Academia Partnership and Pathways 
(IAPP) project that ran from 2013 to 2017). Models A and C are representative of an AVF soon after 
its creation, where minimal remodelling has occurred, whereas Models B and D are indicative of an 
AVF several weeks post-operatively where substantial remodelling has taken place. The inlet and 
outlets of each model are extended by approximately 3 diameters to reduce the effects of boundary 
artefacts. 
Each model was discretised with tetrahedral element meshes with a 0.05D-thick prismatic element 
boundary layer (where D is the arterial inlet dimeter), using STAR-CCM+ (Siemens). Mesh refinement 
was conducted around the anastomosis region to appropriately capture the flow disturbances that 
occur at this location. An estimation of the discretisation error was performed using the grid 
convergence index (GCI) method [23]. Three meshes of increasing density were generated for the 
10o Model A; these consisted of a course grid (~750k cells), a medium grid (~1000k cells) and a fine 
grid (~1500k cells). CFD simulations were performed on all three meshes and estimations of the 
relative error and GCI for the velocity in the proximal artery (PA), the swing segment (SS) and the 
outflow vein (OV) and for WSS at three locations that experienced high instantaneous WSS at peak 
systole, denoted as WSS1, WSS2 and WSS3. The results of the grid convergence study are presented 
in Table 1. The numerical uncertainty in the fine mesh solution for the velocity and WSS is 0.067%, 
0.022% and 0.197% and 0.049%, 0.019% and 0.003%, respectively. Subsequently, similar meshes 
(~1500k cells) were generated for all AVF models to ensure that the spatial resolution is sufficiently 
fine to capture the instabilities that can arise at the anastomosis region and persist throughout the 
venous segment. 
A pulsatile waveform, with a parabolic profile was applied at the arterial inlet with a mean flow rate 
of approximately 450mL/min, Figure 2 [22]. The flow rate in a fistula changes considerably as an AVF 
remodels. However, the same boundary condition was applied at the inlet of each model to facilitate 
in the direct comparison of the results from the models with linear and non-linear taper. A flow split 
boundary condition was applied at the outlets with a ratio of 95:5 between the venous and arterial 
outlet, respectively. This ratio is based on the flow split observed in 4 patient-specific AVF monitored 
as part of the ReDVA project and is similar to the flow split of 90:10 reported by Bozzetto et al. 
(2015) [24]. Rigid walls and Newtonian rheology were assumed, with a constant density ρ = 1050 
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kg/m3 and a dynamic viscosity μ = 3.5 mPas [25]. A Newtonian rheology is adopted as it has been 
previously shown that in the presence of high frequency fluctuations, which characterise the venous 
segment of an AVF, conventional non-Newtonian models may be of questionable applicability [24, 
26, 27]. A no-slip boundary condition is applied at the wall. 
2.2 Numerical Solution 
The unsteady 3D incompressible Navier-Stokes equations were solved using STAR-CCM+ (Siemens). 
A segregated approach was adopted for these equations to resolve each component of velocity and 
pressure in an uncoupled manner. A second order scheme was applied for the treatment of the 
convective term in the momentum equation. A transient time step of 0.1ms was used in conjunction 
with a criterion that ensured convergence of continuity and momentum to a threshold value of 1E-4 
before completing a time step, resulting in a large number of inner iterations per time-step. This 
numerical approach does not attempt or intend to fully resolve the smallest scales of motion but 
rather the ones with the most energy and has previously been shown to adequately capture the 
presence of high frequency fluctuations in the flow provided that the spatial and temporal resolution 
is sufficiently fine [28]. Due to the high computational demand, each simulation was run at the Irish 
Centre for High-End Computing (ICHEC) where a physical time of 4 seconds was reached. The first 
second of data was removed to eliminate transients from solution start up. 
2.3 Morphometric Descriptors 
The Vascular Modelling Toolkit (VMTK, Orobix) was used to generate centreline data for each model 
to calculate tortuosity, curvature, torsion and taper. For a detailed description of the morphometric 
descriptors see Supplementary Material S1. 
2.4 Hemodynamic Descriptors 
The bulk flow is characterised with respect to helicity. Moffatt and Tsinober defined the helicity of a 
fluid confined to a domain D as [29]: 
H(t) =  ∫ 𝐯(𝐱, t) ∙ 𝛚(𝐱, t)dV
D
=  ∫ Hk(𝐱, t)dV
D
 
where v(x,t) and ω(x,t) are the velocity and vorticity vectors, respectively and the product of the two 
gives the helicity density Hk. The helical content of the flow was further characterised in terms of 
strength, size and relative rotational direction using different helicity-based descriptors, listed in 
Table 2. These descriptors include the cycle-average helicity (h1), the helicity intensity (h2) and the 
balance between counter rotating helical structures based on the direction of rotation (h3) and the 
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absolute value (h4) [20]. The descriptors h1 and h2 indicate the total amount of helical flow and the 
intensity of the helical flow, respectively, while the descriptors h3 and h4 measure the balance 
between counter rotating helical structures based on the predominant direction of rotation 
(indicated by the sign of h3) or only the strength of the balance between helical structures (h4). Two 
identical but counter-rotating helical structures would result in a h1 and a h3 value of 0 because the 
signs would cancel one another. However, the same helical structures would result in a positive 
value for the descriptor h2 based on the intensity of the helical flow and a value of 1 for the 
descriptor h4 due to a perfect balance between helical structures. All the helicity-based descriptors 
are used to investigate if correlations exist between AVF geometry, helical flow and disturbed shear. 
However, only the descriptors h2 and h4 are used to evaluate the relationship between helical flow 
and exposure to disturbed shear, as averaging the descriptors h1 and h3 can omit useful information. 
The outflow vein of each model is divided into 4 sections of even length using the centreline data 
computed using the Vascular Modelling Toolkit (VMTK, Orobix). The descriptors h2 and h4 are 
volume averaged over these 4 sections individually. The mean value from these 4 sections were used 
to evaluate which model demonstrated the most favourable results in terms of helical intensity and 
strength of balance between helical structures. A useful quantity for the visualisation of complex 
flow patterns is the localised normalised helicity (LNH) and is obtained through the normalisation of 
the product of the velocity and vorticity vectors. The values for LNH range between -1 and +1, with 
the sign indicating the direction of rotation. 
LNH(x, t) =  
𝐯(𝐱, t) ∙ 𝛚(𝐱, t)
|𝐯(𝐱, t)| ∙ |𝛚(𝐱, t)|
 
Helical flow can be visualised in-vivo with the use of ultrasound imaging. The flow moving 
towards/away from the transducer is highlighted in red/blue, respectively, as illustrated in Figure 1. 
To replicate this process computationally, transverse sections were created along the outflow vein of 
each model. A new Cartesian co-ordinate system was created for each section, with the x-axis 
aligning perpendicular to the predominant direction of flow. This allows the flow moving in the 
positive/negative x-direction to be highlighted in red/blue, respectively. The analysis focused 
specifically on the outflow vein as this is the area of an AVF monitored for the presence of helical 
flow in-vivo [18]. 
Due to the lack of unanimity regarding the specific type of disturbed shear that leads to the onset of 
IH, this study does not adhere to a single hypothesis surrounding its development [13]. Alternatively, 
this study utilises multiple WSS metrics to identify areas exposed to disturbed shear and assumes 
each of them are detrimental to the survival of an AVF. The WSS metrics utilised in this study to 
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characterise disturbed shear are detailed in Table 3. The data from all simulations were pooled to 
define objective thresholds for each WSS metric. From the combined data, the 10th and 20th 
percentile values were identified for TAWSSLow and the 80
th and 90th percentile values for TAWSSHigh, 
WSSmax, OSI, RRT, TransWSS, WSSGmax and|TWSSG|max. The WSS metrics were surface averaged over 
the venous segment and anastomosis floor of each model. The analysis focused on these areas 
specifically as they are highly susceptible to the development of stenotic lesions in-vivo [30]. The 
venous segment was divided into 10 sections of even length. The results were surface averaged over 
these 10 sections individually for the 80th (20th) and 90th (10th) percentile values, adopting a similar 
approach for the anastomosis floor (single section). 
2.5 Statistical Analysis 
Bivariate correlations between geometric, helicity-based and WSS-based descriptors were 
determined in SPSS Statistics (IBM SPSS Statistics) using Spearman rank ordering. A correlation was 
deemed strong for a Spearman correlation coefficient > 0.5 and significance was assumed for P < 
0.05. 
3. Results 
The different topological features present in the bulk flow were visualised using the parameter 
LNHavg. A threshold of LNHavg = ± 0.2 was adopted to appropriately visualise the helical content of 
the flow, Figure 3. This revealed that the bulk flow is characterised by the presence of helical 
structures (clockwise, red isosurface and counter clockwise, yellow isosurface) that originate at the 
anastomosis region and persist throughout the venous segment. The flow field observed in the 
planar 10o model with linear taper (Model A) is predominantly dominated by a single clockwise 
helical structure. However, as the anastomosis angle increases the flow field transitions to one 
dominated by counter rotating helical structures. A similar trend is observed in the planar models 
with non-linear taper (Model B). The introduction of a non-planar venous segment (Models C and D) 
causes the balance between helical structures to increase qualitatively. Furthermore, the increase in 
anastomosis angle causes the orientation of the counter rotating helical structures to shift in a 
counter clockwise direction. This feature is more prominent in Models C but is also observed in 
Models D. 
The contour plots displayed in Figure 4 demonstrate the time-averaged tangential velocity. The 
velocity streamlines indicate that the planar models (Models A and B) are characterised by the 
presence of axisymmetric DTV, except for the 50o Model B and the 70o Model A. The final contour 
plot for both these models demonstrates dual vortices and no apparent helical structures, 
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respectively. The introduction of a non-planar venous segment (Models C and D) causes the 
orientation of these vortices to shift in a counter-clockwise direction, as observed previously in 
Figure 3. The shift in orientation of the DTV becomes more prominent as the anastomosis angle 
increases. The flow field exhibited by the 50o and 70o Models D demonstrates a transition to a single 
vortex. However, SLF does not develop. 
Table 4 details the volume average results for the helicity descriptors h2 and h4. The 10
o models with 
linear taper (Models A and C) demonstrate the highest helical intensity in the outflow vein, followed 
by the 35o models (Models A and C). The helical intensity decreases in magnitude as the anastomosis 
angle increases, except for the non-planar 70o Model (Model C), which demonstrates a slight 
increase in magnitude. The models with linear taper (Models A and C) are characterised by a 
considerably higher helical intensity in comparison to their non-linear counterparts (Models B and 
D). This can be attributed to the variation in geometry, as the diameter of the outflow vein of 
Models B and D is considerably larger than Models A and C. Contrastingly, it is the non-planar 
models with linear taper (Models C) that exhibit the strongest balance between helical structures, 
while the planar models with non-linear taper (Models B) exhibit the weakest balance. 
The surface average results for each shear stress group are detailed in Table 5. This indicates that 
the planar and non-planar 10o models (Model A and C) are exposed to the least amount of 
TAWSSLow. These models also experience the lowest distribution of OSI, in addition to the planar and 
non-planar 35o models (Model A and C). Alternatively, it is the non-planar 10o model (Model B) that 
is exposed to the least amount of RRT. Analysing the high shear stress metrics demonstrates that the 
planar 70o model with non-linear taper (Model B) experiences the lowest distribution of TAWSSHigh, 
followed by the non-planar 10o model with non-linear taper (Model D). Whereas, it is the planar 70o 
model (Model A) that is exposed to the least amount of WSSmax, followed by the planar 70
o model 
with non-linear taper (Model B) and the non-planar 50o model (Model C). The planar 70o model with 
non-linear taper (Model B) experiences the lowest distribution of TransWSS and WSSGmax, while the 
non-planar 50o model with non-linear taper (Model D) is exposed to the least amount of|TWSSG|max. 
It is clear from the results in Table 5 that the small anastomosis angle models are characterised by 
the least amount of disturbed shear for low/oscillating shear (TAWSSLow, OSI and RRT), whereas the 
large anastomosis angle models experience the lowest distribution of disturbed shear in terms of 
high shear (TAWSSHigh and WSSmax), multidirectional shear (TransWSS), spatial gradients of shear 
(WSSGmax) and temporal gradients of shear (|TWSSG|max). 
There is a large variation in the results between the models with linear (Models A and C) and non-
linear taper (Models B and D). This difference is most apparent for TAWSSLow, where Models B and D 
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are exposed to a much larger distribution of disturbed shear than Models A and C, Figure S1, 
Supplementary Material S2.1. A similar trend is observed for OSI and RRT, with the difference 
between both sets of models increasing with the anastomosis angle. TAWSSHigh experiences a similar 
but opposite trend, where the models with linear taper experience a higher distribution of disturbed 
shear compared to the models with non-linear taper. The distribution of disturbed shear for WSSmax, 
TransWSS, WSSGmax and|TWSSG|max is almost identical. Models A and C are exposed to a much 
larger distribution of disturbed shear compared to models B and D. However, as the anastomosis 
angle increases, the difference between both sets of models decreases considerably. The results for 
these metrics were normalised based on their maximum and minimum value and plotted on the 
same graph, Figure S2, Supplementary Material S2.1. This further highlights that the distribution of 
disturbed shear for these metrics is practically identical. This suggests that only one of these metrics 
may need to be analysed to fully capture the areas of disturbed shear identified by each of these 
metrics. 
The contour plots for the WSS metrics displayed in Supplementary Material S2.2, indicate the areas 
of each model exposed to disturbed shear. Analysing the distribution of disturbed shear for the 
different shear stress groups reveals that low/oscillating shear characterises the majority of the DA. 
The venous segment of the models with linear taper (Models A and C) are predominantly free from 
low/oscillating shear, whereas the outflow vein of the models with non-linear taper (Models B and 
D) is exposed to a large amount of disturbed shear. Furthermore, as the anastomosis angle increases 
the distribution of disturbed shear also characterises the inner wall of the swing segment. High shear 
is predominantly confined to the anastomosis region, with a small area of disturbed shear 
developing on the anastomosis floor in the 10o and 35o models, which dissipates as the anastomosis 
angle increases. The distribution of multidirectional shear, as well as spatial and temporal gradients 
of shear are almost identical to that of high shear, with disturbed shear characterising the 
anastomosis region and the anastomosis floor in the 10o and 35o models. 
The correlation coefficients between the geometric and helicity-based descriptors are summarised in 
Table 6. There is a strong relationship between curvature and the helicity descriptors h1 (r = 0.65, p < 
0.001) and h2 (r = 0.73, p < 0.001). This indicates that curvature serves to increase the intensity of 
helical flow in an AVF. Curvature is also moderately associated with an increase in the balance 
between counter rotating helical structures based on the direction of rotation (h3) (r = 0.44, p< 
0.001) and demonstrates a weak negative relationship with the strength of the balance between 
helical structures (h4) (r = -0.21, p < 0.01). The negative relationship between taper and the helicity 
descriptors h1 (r = -0.77, p<0.001) and h2 (r = -0.87, p<0.001) indicates that an increase in taper 
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causes a decrease in helical intensity. An increase in taper also has a dampening effect on the 
balance between counter rotating helical structures based on the direction of rotation (h3) (r = -0.42, 
p < 0.001) but to a lesser extent than the descriptors h1 and h2. There is also a negative relationship 
between tortuosity and the descriptor h4 (r = -0.48, p < 0.001). This indicates that an increase in 
tortuosity causes the strength of the balance between helical structures to decrease. Finally, torsion 
has a mild influence on the intensity of helical flow signified by its weak relationship with the 
descriptor h2 (r = 0.16, p < 0.05). 
The correlation coefficients between the helicity-based and WSS descriptors are summarised in 
Table 7. The cycle-average helicity (h1) demonstrates a strong relationship with TAWSSHigh (r = 0.68, p 
< 0.001), WSSmax (r = 0.67, p < 0.001), TransWSS (r = 0.74, p < 0.001), WSSGmax (r = 0.72, p < 
0.001),|TWSSG|max (r = 0.70, p < 0.001) and to a lesser extent with OSI (r = 0.36, p < 0.001). 
Therefore, if the helicity increases so does the distribution of disturbed shear for the 
aforementioned WSS metrics. Alternatively, the cycle-average helicity (h1) displays a negative 
correlation with TAWSSLow (r = -0.48, p < 0.001) and RRT (r = -0.34, p < 0.001), so as the helicity 
increases the distribution of TAWSSLow and RRT decreases. The helical intensity (h2) demonstrates an 
identical relationship with each of the WSS metrics as the average helicity (h1). The only difference is 
that the strength of the correlations are slightly greater for the descriptor h2. Similarly, the balance 
between counter rotating helical structures based on the direction of rotation (h3) displays a similar 
relationship with each WSS metric, as the descriptors h1 and h2. However, the strength of the 
correlations is considerably lower. The relationship between the strength of the balance between 
helical structures (h4) and the WSS metrics is completely different than the other helicity descriptors, 
with each WSS metric demonstrating a negative correlation with the descriptor h4. These results 
suggest that the intensity of the helical flow and the balance between counter rotating helical 
structures based on the direction of rotation have a significant impact on the distribution of 
disturbed shear, whereas the strength of balance between helical structures does not. 
4. Discussion 
Helical flow naturally occurs throughout the vasculature due to the complex geometry of vessels and 
blood flow conditions [14]. There are numerous benefits associated with the presence of helical 
flow, such as a reduction in the flow disturbances that can lead to areas of disturbed shear. The 
presence of helical flow may therefore protect the vasculature from diseases such as IH [16]. 
However, this relationship remains unevaluated in AVF. In this study, we (1) determine if helical flow 
(SLF or DTV) is present in parameterised models of an AVF and if its presence is associated with a 
reduction in exposure to disturbed shear, and (2) investigate if correlations exist between AVF 
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geometry, helical flow and disturbed shear. Tables 4 and 5 reveal that the planar and non-planar 10o 
and 35o models with linear taper (Models A and C) exhibit the highest helical intensity and a 
relatively strong balance between helical structures, which coincides with the lowest distribution of 
low/oscillating shear. Contrastingly, these models experience the largest amount of disturbed shear 
for the remaining shear stress groups. These results suggest that a high helical intensity coupled with 
a strong balance between helical structures is capable of suppressing exposure to low/oscillating 
shear but is ineffective when it comes to high shear, multidirectional shear or gradients of shear. 
These findings are in agreement with Gallo et al. (2012) who found that a flow field that exhibits a 
high helical intensity coupled with a strong balance between helical structures can suppress areas of 
low/oscillating shear in the carotid bifurcation [20]. More recently De Nisco et al. (2018) analysed 
the flow in 30 swing coronary arteries and found that a high helical intensity stabilised the blood 
flow and minimised the luminal surface exposed to low/oscillating shear [31]. 
It was found that helical flow is promoted by curvature, while taper suppresses it. This is reflected in 
the results in Table 4, where the models with linear taper (Models A and C) are characterised by a 
much higher helical intensity than the models with non-linear taper (Models B and D) due to the 
substantial difference in diameter between both sets of models. Furthermore, it has been shown 
that torsion induces helical flow while taper further stabilises and delays its attenuation in the aorta 
[15]. The models with a planar venous segment (Model A and B) all exhibit axisymmetric DTV in the 
outflow vein. The introduction of torsion in Models C and D causes these DTV to shift in a counter-
clockwise direction in all models except the 50o and 70o Model D whose flow field transitions to one 
dominated by a single vortex. This is consistent with the findings of Lee et al. (2011) who discovered 
that torsion caused a transition from DTV to a predominantly single vortex in a helical bypass graft 
[32]. Unlike torsion, taper has a negligible impact on the topology of the helical flow but a major 
influence on the helical content. The models with linear taper (Models A and C), experience a low 
distribution of low/oscillating shear but a high distribution of the remaining shear stress groups. The 
models with non-linear taper (Models B and D), are exposed to a low amount of high shear, 
multidirectional shear and gradients of shear but a large amount of low/oscillating shear. The 
combination of torsion and taper prompts a transition of the flow field to one dominated by a single 
vortex in the large anastomosis angle models, but it fails to produce SLF. This could be attributed to 
the absence of spiral folds on the luminal surface, which have previously been shown to induce SLF 
[33]. The parameterised models analysed in this study attempted to incorporate the main features 
believed to contribute to the development of helical flow, but they failed to capture the true 
heterogeneity of patient-specific AVF. Consequently, future studies should focus on patient-specific 
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AVF models to fully evaluate the effect that a combination of torsion, taper and spiral folds have on 
the production of helical flow. 
The anastomosis angle plays a crucial role in the distribution of disturbed shear, with the planar 10o 
model (Model A) experiencing the least amount of low/oscillating shear, which is in agreement with 
Ene-Iordache et al. (2012). The findings of Ene-lordache et al. (2011) are consistent with this study. 
However, they are limited by their adherence to a single disturbed shear metric [34]. These results 
indicate that depending on what hypothesis you subscribe to, the optimal AVF configuration changes 
radically. If one subscribes to the hypothesis that exposure to low/oscillating shear can lead to the 
development of IH then utilising a small anastomosis angle is optimal. Alternatively, the hypothesis 
that high shear, multidirectional shear or gradients of shear can elicit a pathological response 
suggests that a large anastomosis angle is best. The significant difference in results highlights the 
need for the exact physiological response that initiates IH following AVF creation to be determined 
so that fistula creation can be optimised accordingly. Therefore, future studies should seek to 
emulate the current study by utilising multiple WSS metrics (or helical flow descriptors, or both) 
when investigating disturbed flow in AVF, until the exact physiological response that triggers the 
onset of IH is determined. 
The distribution of disturbed shear for each WSS metric predominantly occurs in specific areas, 
which are similar to the primary locations where stenoses develop in-vivo; the anastomosis floor, 
the inner wall of the swing segment and the outflow vein [30]. Each of these locations is exposed to 
different patterns of disturbed shear, including low/oscillating shear (anastomosis floor (all models), 
swing segment (Models B and D) and outflow vein (Models B and D)), high shear (anastomosis floor 
(10o and 35o Models)), multidirectional shear (anastomosis floor (10o and 35o Models)) and gradients 
of shear (anastomosis floor (10o and 35o Models)). These results suggest that the onset of IH could 
potentially be caused by multiple aspects of shear stress. It is therefore difficult to ascertain if a 
single WSS metric is capable of accurately predicting the areas of an AVF susceptible to the 
development of IH. 
Fiorina et al. (2017) conducted a study to determine the feasibility of using ultrasound vector flow 
imaging (VFI) in a clinical setting to evaluate the hemodynamics within an AVF. They discovered that 
VFI could aid in identifying flow disturbances believed to contribute to AVF dysfunction [35]. As 
certain combinations of helical flow features correspond with a reduction in exposure to 
low/oscillating shear, screening AVF for the presence of a flow field characterised by a high helical 
intensity, coupled with a strong balance between helical structures, may therefore hold clinical 
potential as a diagnostic marker of fistula maturation. Furthermore, the absence of these helical 
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flow features could identify the AVF susceptible to dysfunction due to the increased exposure to 
low/oscillating shear. These patients at greater risk could undergo more frequent surveillance, as the 
early identification of AVF dysfunction can improve fistula longevity and function [36]. However, 
monitoring AVF for exposure to high shear, multidirectional shear or gradients of shear as a 
surveillance technique is ineffective as none of these shear stress groups correlate with any features 
of the bulk flow. Future studies should focus on patient-specific AVF models to investigate for the 
presence of SLF and evaluate the relationship between SLF and the distribution of disturbed shear. 
SLF is a potentially important metric as Srivastava et al. (2015) analysed the diagnostic capabilities of 
SLF in newly created AVF and concluded that based on the presence/absence of SLF following fistula 
creation, a prediction regarding the success/failure of the access can be made [19]. 
5. Limitations 
Parameterised models are useful for investigating the effects of geometrical changes and 
hemodynamic parameters in a fast and efficient manner. However, such models fail to capture the 
true heterogenicity of patient-specific AVF, which resulted in the complete absence of SLF in this 
study. Future studies should evaluate the findings of the current study in patient-specific AVF models 
to determine if their complex geometries can produce SLF and the effect that SLF has on the 
distribution of disturbed shear. There are also limitations associated with the computational 
approach by assuming rigid walls and a Newtonian rheology. However, studies have shown that wall 
compliance has a negligible qualitative impact on the distribution of TAWSS metrics [37]. 
Alternatively, vessel compliance and motion during contraction has been shown to enhance helical 
flow [38]. Therefore, future studies should aim to incorporate wall compliance to evaluate its effect 
on the helical content of the flow. Similarly, it was recently shown that the rheological model 
selection has no significant effect on computational results in an AVF [39]. Furthermore, 
conventional non-Newtonian models may be of questionable applicability in the presence of high 
frequency fluctuations, which characterise the flow field in each model [24, 26, 27]. Finally, IH is 
complex process believed to occur in areas of an AVF exposed to disturbed shear. Despite this, the 
specific type of disturbed shear responsible for eliciting a pathological response remains unclear. 
This limits the effectiveness of computational modelling, which utilises these hypotheses to predict 
sites of AVF dysfunction. 
6. Conclusion 
The current study aimed to evaluate the relationship between geometry, helical flow and disturbed 
shear in parameterised models of an AVF. A high helical intensity coupled with a strong balance 
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between helical structures correlates with a reduction in exposure to low/oscillating shear. 
Therefore, screening AVF for the presence of helical flow could hold clinical potential as a diagnostic 
marker of AVF maturation. Additionally, this study illustrates the importance of AVF configuration, as 
the distribution of disturbed shear changes drastically with the variation in geometry. A small 
anastomosis angle produces the least amount of low/oscillating shear, while a large anastomosis 
angle achieves the lowest distribution of high shear, multidirectional shear, as well as temporal and 
spatial gradients of shear. This indicates that depending on the hypothesis you subscribe to, the 
optimal AVF configuration changes radically. This highlights the need for the exact physiological 
response that initiates IH to be determined so that AVF creation can be optimised accordingly. 
Furthermore, the locations of an AVF predisposed to stenotic lesions experience various patterns of 
disturbed shear. This suggests that the onset of IH could be initiated by multiple aspects of shear 
stress. Therefore, future studies should seek to emulate the current study by utilising multiple WSS 
metrics to identify areas of disturbed shear when investigating disturbed flow in an AVF, until the 
exact cause of IH has been determined. 
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Table 1 Discretisation error of centreline velocity and WSS. 
 PA WSS1  SS WSS2  OV WSS3 
ϕ = Velocity ϕ = WSS  ϕ = Velocity ϕ = WSS  ϕ = Velocity ϕ = WSS 
N1 1,540,694 1,540,694  1,540,694 1,540,694  1,540,694 1,540,694 
N2 1,014,155 1,014,155  1,014,155 1,014,155  1,014,155 1,014,155 
N3 764,230 764,230 764,230 764,230  764,230 764,230 
r21 1.231 1.231 1.231 1.231 1.231 1.231 
r32 1.275 1.275 1.275 1.275 1.275 1.275 
ϕ1 1.447 96.6651 0.881 121.415 0.794 136.246 
ϕ2 1.466 99.1057 0.768 123.445 0.747 129.92 
ϕ3 1.481 91.4421 0.735 144.387 0.820 128.654 
p 0.865 5.502 6.005 11.221 2.157 7.736 

𝑒𝑥𝑡
21   1.561 87.861 0.722 146.635 0.949 128.337 
𝑒𝑎
21 (%) 0.011 0.084 0.044 0.145 0.089 0.010 
𝑒𝑒𝑥𝑡
21  (%) 0.051 0.041 0.018 0.015 0.136 0.002 
𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21  (%) 0.067 0.049 0.022 0.019 0.197 0.003 
The velocity readings were taken at 3 points along the centreline of the 10
o
 model in the proximal artery (PA), the swing 
segment (SS) and the outflow vein (OV) as illustrated in Figure 1. The WSS readings were taken at 3 locations that 
experienced high instantaneous WSS at peak systole around the anastomosis region and SS, as denoted by WSS1, WSS2 
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Table 3 Definition of the WSS metrics utilised in this study to identify areas of disturbed shear. 𝜏𝑤, instantaneous WSS 
vector; t, time; T, period of the cardiac cycle; n, unit vector. 
Parameter Abbreviation Definition 







Maximum wall sear stress WSSmax max (𝜏𝑤) 








Relative residence time RRT 
1
(1 − 2 × 𝑂𝑆𝐼)(𝑇𝐴𝑊𝑆𝑆)
 
Transverse wall shear stress TransWSS 
1
𝑇




























Absolute maximum temporal wall 
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Table 4 Volume average results for the mean helical intensity (h2) and the mean strength of balance between helical 
structures (h4) in the outflow vein of each model. The values highlighted in bold represent the models with the highest 
helical intensity and the strongest balance between helical structures, values within 10% of these models are also 








 Model A 17.65 0.73 
10
o
 Model B 3.84 0.54 
10
o
 Model C 22.37 0.78 
10
o
 Model D 3.66 0.70 
35
o
 Model A 15.71 0.72 
35
o
 Model B 3.61 0.65 
35
o
 Model C 14.78 0.79 
35
o
 Model D 3.31 0.77 
50
o
 Model A 12.05 0.73 
50
o
 Model B 3.02 0.64 
50
o
 Model C 11.53 0.81 
50
o
 Model D 2.89 0.70 
70
o
 Model A 10.42 0.78 
70
o
 Model B 2.97 0.65 
70
o
 Model C 13.19 0.85 
70
o
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Table 5 Surface average results for the WSS metrics over the venous segment and anastomosis floor. The values 
highlighted in bold represent the model with the lowest distribution of disturbed shear for each shear stress group, as well 























0.02 21.29 107.39 0.09 0.36 5.84 479.71 180.99 
10
o
 Model B 3.53 15.77 42.53 0.15 8.59 2.41 148.48 60.89 
10
o










0.09 25.79 139.09 0.10 0.83 5.73 566.91 228.66 
35
o
 Model B 2.70 22.19 90.41 0.25 9.86 3.67 345.91 140.29 
35
o










0.16 18.10 50.51 0.12 1.95 2.74 210.16 64.55 
50
o
 Model B 2.69 14.92 41.31 0.38 20.30 1.56 160.24 48.15 
50
o










0.13 17.41 36.65 0.12 3.51 1.74 112.89 36.91 
70
o
 Model B 2.50 13.33 37.17 0.42 39.00 1.28 106.12 50.06 
70
o
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Table 6 Correlation coefficients for helicity-based bulk flow descriptors and geometry (average tortuosity, curvature, 
torsion and taper). Statistically significant values are highlighted in bold. * P value < 0.05; ** P value < 0.01; *** P value < 
0.001. 
 Tortuosity Curvature Torsion Taper 
h1 -0.08 0.65
***
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Table 7 Correlation coefficients for percentage surface area exposed to disturbed shear and helicity-based bulk flow 
descriptors. Statistically significant values are highlighted in bold. * P value < 0.05; ** P value < 0.01; *** P value < 0.001.  
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Figure 1 Schematic of an AVF, identifying the proximal and distal artery as well as the swing segment and outflow vein. A: 
Chaotic flow in the anastomosis region and swing segment. B1: Spiral laminar flow (SLF) in the outflow vein. B2: Dean type 
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Figure 2 Radiocephalic (RC) waveform with an average flow rate of approximately 450 mL/min. The 16 parameterised AVF 








). The different anastomosis angles include 4 
configurations, denoted as Model A, B, C and D. Model A and B have a planar venous segment with linear and non-linear 
taper, respectively. Model C and D are identical to Models A and B but with a non-planar venous segment. The black 
arrows indicate the direction of flow. Each model is characterised by antegrade flow in the distal artery (DA). Red: 
Anastomosis region, including the anastomosis floor. Blue: Swing segment, the portion of vein mobilised to create an AVF. 




This article is protected by copyright. All rights reserved. 
 
Figure 3 Isosurfaces representing the average localised normalised helicity (LNHavg). The clockwise and counter-clockwise 
helical structures are represented using red and yellow isosurfaces, respectively. A threshold value of LNHavg = ± 0.2 is 




This article is protected by copyright. All rights reserved. 
 
Table 4 Volume average results for the mean helical intensity (h2) and the mean strength of balance between helical 
structures (h4) in the outflow vein of each model. The values highlighted in bold represent the models with the highest 
helical intensity and the strongest balance between helical structures, values within 10% of these models are also 
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The presence of helical flow can suppress areas of disturbed shear in parameterised models of an 
arteriovenous fistula 
Connor V. Cunnane, Eoghan M. Cunnane, Daniel Moran, Michael T. Walsh* 
 
This study found that a flow field characterised by a high helical intensity coupled with a strong 
balance between helical structures is associated with a reduction in exposure to low/oscillating 
shear. However, no apparent feature of the bulk flow correlates with a reduction in exposure to high 
shear, multidirectional shear or spatial and temporal gradients of shear. Furthermore, the locations 
of an arteriovenous fistula (AVF) predisposed to stenotic lesions experience multiple patterns of 
disturbed shear, making it difficult to ascertain if a single wall shear stress metric is capable of 
accurately predicting the areas of an AVF susceptible to the development of intimal hyperplasia. 
 
